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1.  OBJEaiVES: 


project  were  to  perform  and  publish  mathematical 

trirf  lrf  e  processing, periodic  composite  dielec¬ 

trics,  and  to  complete  some  work  on  the  dispersion  of  water  from  a 

previous  AF05R  grant.  The  wavelet  studies  were  direrteftLrr 
nondestructive  evaluation  using  ultrasonic  waves.  The  novel 
e  ectncs  were  maxnly  the  PBGS,  photonic  band  gap  structures  - 

periodic  arrays  of  a  dielectric  with  perinitivity  embedded  in  a 

background  dielectric  with  permitivity  £,.  Several  types  of  disor- 
der  of  these  periodic  objects  were  also  studied. 


2.  STATUS  OF  THE  EFFORT: 

There  are  eleven  publications,  two  submitted  manuscripts,  with  two 

r  prosented,  including  one  at  Oberwolfach,Germany; 
i  j®”  England;  a  series  of  three  90-minute^ 

lectures  in  Madeira;  and  two  S0-minute  talks  at  special  sessions 
of  the  American  Math™atical  Society  in  Iowa  City  and  Albuquerque; 

meeting.  A  number  of 

on^the  H  flPd  seminars  have  also  been  given 

on  the  work  done  on  this  grant.  ^ 

Two  Ph.D.  who  worked  on  this  project  have  graduated.  Dr.  Alan  Van 

r  Vnnli"/T"*’  Chakraborty  in  June 

'*'5  also  supported  by  a  companion  AASERTS 

nfir  m“"  EPSineering  Education  Fell- 

nne^nn  Weapons  Laboratory  in  China  Lake. a  upon  grad- 

uoting  and  is  now  a  member  of  their  scientific  staff.  Dr.  Chakra- 

SniVersiivIn  Tomography  group  at  Washington 

iversity  in  St.Louis  MO  as  a  Postdoctoral  Fellow  in  Medical 

Physics.  He  IS  now  a  Postdoctoral  Fellow  in  the  Radiology 

Department  of  the  Harvard  Medical  School.  The  education  of  two 

arani^  important  accomplishment  on  this 

g  ant.  A  Postdoctoral  Fellow  at  Missouri,  Dr.  Sarah  John,  was  also 
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partly  supported  by  this  grant,  and  has  grown  and  developed  durina 
these  three  years.  She  has  really  come  into  her  own  Her  research 
xs^a  btg  part  of  this  project,  as  will  be  shown  late;  in  thtfre 


Several  follow-on  projects  were  identified  for 
study. 


possible  future 


3.  ACCOMPLISHMENTS: 

The  work  on  this  grant  has  produced  several  discoveries,  two  new 

UstertnThe  T’‘  progress* 

ustea  \n  the  PUBLICATIONS  section  of  this  report.  The  work  on 

^  5  academic  year  1997-9S  with  the  Department  of 

videf^^fi  n  ®  ”  University.  This  competetive  leave  pro- 

ides  a  full  salary  for  two  semesters  of  research.  Conversations 

Za  with  Professors  Battle,  Dobson,  Narcowi^“  Urson 

and  others  have  been  educational  and  fui^. 

The  first  task  of  this  project  was  to  read  and  correct  the  proofs 
o  papers  Then,  Chakraborty  and  I  had  the  idea  for  the 

generalization  of  the  statistical  mechanics  of  the  permitivitv  of 

™d*publisher‘'"  "°l“tions  [6]  which  ms  worked  out 


isis'eTferfin®  ^^is  paper  was  a  dielectric  hvster- 

ISIS  effect  in  aqueous  solutions  of  hemoglobin  in  the  micr^ve 

such'^Sfect!"'^*  Glycine  and  myoglobin  solutions  did  not  show  any 

auesHon^‘\*^?®’  H  Kqiser's  research  group  had  s«ne  interesting 

paper  W  and  later  to 

?nn  Wavelet  analysis  of  the  neutron  scatter- 

[9]  if  onfof  composite  was  published.  Reference 

L9J  IS  one  of  my  best  papers.  It  extends  and  generalizes  a  number 
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evolutio^*  “Feynman  path  tntegrol”  for  the  time 

xCt)  =  [:expC-tA)]CxC0))  Cl) 

erato^oftil^^n^?  f  '®  “"ti'Self-ad joint  infinitesimal  gen- 

Or  tiine  tronslatiofis •  The  operatop  A  4-h^  ctm 

more  non-commuting,  possibly  time-dependent  operators  Some  re 

parts  of  A.  Theorems  were  given  which  prove  the  existence  and 
uniqueness  of  solutions  to  a  broader  class  of  the«  eX«on 
solutions  than  was  previously  knovwi.  Explicit  formulae  were  aiven 
for  a  number  of  realistic  coses,  which  do  not  se^to  hcTr^n 
A  number  of  c™,binorical  fonnulas  were  derived  {^  ^1 
^I'ch  ^  found.®'"®  Boker-topbell-Housdorff  equations 

continuotions  [8] ,  the  behavior  of  the  wavelet  scale  variable  was 
evaluatto^®  ultrasonic  backscatter  for  nondestructive 
which  Fniiri  *  Stale  IS  the  “new”  structure  that  wavelets  have 

processing  lacks.  The  change  from  one  scale 

Wea  ^s't'hrtTT  *»«•  The  initiat 

Idea  was.  that  the  features  one  seeks  in  the  data  are  zeroes  max- 

srales'^trncr^  coefficients  in  s^ 

high  frequency  scales  for  fine  details,  so  the  following  empirical 

“jT'’  hundreds  of  time  traces  provild  by 
Prof.  Steven  Neal  of  the  Department  of  Mechanical  and  Aerospace 
Engineering  at  Missouri  University.  The  scales  present  [n  theL 
ultrasound  scans  were  0-8  C2S6  data),  or  0-9  C512  data  in  a  scan) 

0  to  8  or  0  to  9  in  the  scale  2  .  The 

and^Se'test  "ZZ  c®H  ““ed  exceptional  scales 

and  the  rest  were  called  ordinary  scales.  A  threshold  e  which 

depended  only  on  the  signal -to-noise  ratio  was  easily  found  "  The 

best  choice  of  exceptional  scales  were  found  to  be  i  =  iTs 

and  agiin.  ’■n;e'add- 
confirm  this  choice.  Another  study  was 
undertaken  to  see  if  there  was  a  “best”  wavelet  with  no  success 
It  was  found  that  CN,  DSN,  ON  .wvelets  with  a  lot  of  smoothhSr 
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and'^TO  hopr^riirpr^ruLfui  trt  ifnof  ^"*^'‘“*''’3 > 

rs..?  ExS'fr 

ilr”9rF-“~ 

;  This  experience  pointed  us  in  the  right  direction  The 
e?ro?  no™  “ith  the  energy 

ploin  why  the  Shonnin  in?or^t?on'’oLe3'srUtt?e'to™e 
ultrosonic  scattering  which^as  been  bui  ^up  i^th  p%™°" 

«on  I  f  1“^°  KuUback-UeWeJ  inftL- 

tion  Let  P  be  a  probability  distribution  made  from  Wiener 

filter  reconstructed  scattering  amplitudes,  where  pJp  is  the 
Peal  or  imaginary  part  of  the  backscattered  signal  ^  Let  0  be  a 
reference  probability  distribution  q^sQ  where  q /is  a  riil  or 

TrKuT[ba^7-°hV  “Tt^“0“nd  backscattered  signal' 

The  Kullback-Liebler  information  in  bits  is  given  by  ® 


=  -2p^.log  [p^/q^]. 


C2) 


Dr.  Van  Nevel  expanded  p^^s  and  q;,‘s  in  wavelet  coefficients  ond 

trien!®*^  TKi.»av6let  scales  j  and  translations  k.  This  turned  out 
to  leave  most  of  the  small  coefficients  in  the  scales  i  -  3  4  ■; 

as^r^rT  C^-sesz.i.a^sj  to 

,  .  L  »  for  the  CIS  wavelet  family t  the  values  nf  -i  r.nl^ 

^e™i°i'flanS‘‘irtr“'’*‘r‘''  TnfoP^tion 

much  ofthf nniJV^  P^^^ed 

much  of  the  noise  from  the  reconstructions. 

Studied,  Both  a  Monte  Carlo  method  and 
a  simuloted  annealing  method  were  found  by  Van  Nevel  to  perform 

iZZmJ:  choice  and  the  Ku  iLck-tlZr 

r  "^wt^ation.  They  are  non-trivial.  but  requir^much 
more  c^puter  time  to  apply.  Although  it  is  re,;ssurinrtrLr 

scalef  i  '"®T'’°«%Teave  many  of  the  small  coefficients  in 

3  3,4,5,  the  only  explanation  which  has  been  found  so 
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Struction  minimizes  the  I*"  error  in 

ure  and  the  information  jointly  subW<-  ®"®'’^^  ®'’  P*'®®®' 

keeping  the  energy  ot  ?hfwel’ind,wV^  ^^e  constraint  of 
only  information  renuired  ■’/  the  SNR  estimate.  The 

threshold'™*  ^  ^^®  SNR  and  a  known 

?atttce"to^%^':?e?y'wX^thfL^^  ® 

pactly  supported.  orL'^LTwol: 

wavelets  contain  aliasing  errors  was  knnwn^  ^  ^ 

tent.  John  worked  this  out  in  full  d^-H  ii 

the  D  wavelet  satisfies  i-ha  cu  She  proved  that  only 

wavelet  is  not  compactly  suoDOrteTh"  This  Shannon 

also  found  that  t^co  rec^^^  ^ohn 

filters  rules  out  the  DnthninnT  7  ^  structure  of  the 

dre^a^'’artifact'of^heV°'’"’' ^'’®  tU'sho^^VVot'tLy"" 

N-vravelets  perform  better  in  explains  why  higher 

finer  detail  from  additiohni  ch,  4-u  Besides  their 

aliasing  errors  smoothness,  they  also  have  smaller 


The  two  or  more  ccmiponent  dielecfnVc  <^r.  j. 
new  class  of  materiols  whose  liaht  crystals  are  a 

designed  and  controlled  P'’0P«''ttes  «"  be 

devices  for  switches,  high^-tu^no*  "e".  fast 

computation.  The  bandaao  cLni^i-o?’  communication,  and 

wavevector  or  enerav  k  or  p  ^  ^  suppresses  all  noise  whose 

fact  is  PhysicalTyTigorous  beca'sVt^e 

radiation  emmitted  frm  atoms  Phn+nnf  electromagnetic 

environment  of  the  aS  '•’“"3®  the 

makes  certain  freaue^«’r!!^,-«^  shifts  their  energy  levels  and 

correspond":  n'SenT^^,®;--®  t^ey 

The  Photonic  Band  Structure  oroiect  nniM«  ^  n 

the  energetic  work  of  Sankar  Chakrabort?  [10.  13!l5J^''R;gSJar''" 


S' 


05/06/9S 


14:0« 


Xi'4Uy  iS45  fioza 


MAlh  Utt'l 


.  '  ."  ',  v’ '■•I 


the^Unlwsltrof  North  CoroUnrch^*'?  contractor  from 

continue  to  be  volSle  Math  Department) 

Figotin  on  the  spert^al  tteorj  of  race  paper  by 

the  theoretical  physicists  is  on  thi^ 

that  two-component  dielectrics  wf^  l^igotin’s  theorem 

high  dielectric  "00?^^  i  f  ^P^te-fiUing  structues  at 
diflectric  coftrf“U;f;  lattices  at  high 

this  fundamental  s t^uc;u^a^Tatu  e^lart 

IS  to  show  engineers  deuirn +»rh»«i  .r*  "  teem  agendo 

cists  how  useful  thfse  a™ilictsi?S'ff: 

a«ple.  the  obstroct  proof  in  sfalS  .ffj  f'”'  ex- 

greater  than  a  correspofdifg  nff-slocf  fln  ‘  ^t^ucture  is 
show  how  much  because  thf^dfrif Iff! 

small, <156.  then  it  is  not  fLff-’  ,*  c«"pUcated.  If  it  is 
that  it  is  >10*,  which  is  quite  sigfififfnt**''^^*^'' 

»  .-m  «,  ,M.  !«„>,  S3,:"rf  "[! 

discretization!  of^Maxw^ll's^MfotW  th 

lectric  regions:  plane  waves-  Periodic  die- 

linear  combinations  of  spheKc!l  of  ffliffn!  "“de  of 

vector  spherical  harmonir^  T^,  cylindrical  Mie  scattering 

versatile  for  large  systems  contaiiin®  solutions  are  most 
The  exact  solutions  are  comDlempn+^”^  periodic  scatterers. 

only  useful  for  small  numbers  of  scoff P^ one  waves,  as  they  are 

ffSfrsf!  shapes  which  can  te  sm“!  fx~c!!y'‘1h!" 

other  approximations.  The  “rialionarmfS'"®  t^%“''“Facy  of 
the  shapes  which  cannot  bf  «artW  useful  for  two  of 

able  feature  that  <o(var)LtorctT  but  li  t?  ^  ‘'“"- 

one  goes  to  higher  frequencies  Jn  t(^  first  U“bfnfff 

on'  - 

— g  that  - 


i^UU^ 
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of'Lrertricl"' ^  ^  pairs 

nology-device  materials^  "'l^sVau'thoVs  Naira' 2"^'^'’ 
some  show  12-15  bands,  yet  different  anthni!  a'^  °«uracy  and 
from  one  another  for  ihe  some  PRr5i  ^  1  ±t“-20» 

the  density  of  states  hLZn  r.i  J*!®  «elds  DCO  and 

discoveries  hove  been  made  tnmo  °  number  of  new 

H-Mr.,,.  r,,.  «  „u„M  «  *  '” 

S:  S  «'^5Si-s:„Trs:&'r  “r„“ 

phenomena  for  elastic  waves.  ’  localization 

PEGr^’r^^n®  studying  biological  materials  in 

d^“ersJo"nl7S^^^^^^^^^^^^^^  ^t^ong 

physical  effects.  One  of  these 

in  the  dispersion  spectrl  of  a  30  tcc  9°P 

strong  spatial  disoerriorin  th„  r.  ^^e 

of  vravevector  lattice  disorrfo>.  •  *4.1,  aCm  k).  The  effects 

widths  arrgreatW  inc?  Sed  9“P 

Sw  feSS  S‘  ■" 

oiea  Tor  acoustic,  electromagnetic  and  elastic  waves. 

o'Tt^f  A?r%or«Tn'auSe?'"^" 

'■  inTo?“hfind"eoL'dr  “ith  '>''  understand- 

f,.L  Ii,*"  independence  and  redundancy  of  the  information 
from  the  energy  error  norm.  Study  NOE  to  avoid 
tical  nonsense-.  Study  real  data  W  transient  puL” 


2.  Matched  wavelet  filters  for  NDE. 


9  astic  stiffness  constants  accurately. 
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4.  Renormalization  group  -  wavelet  analysis  to  tailor 
wavelets  to  problems  such  as  PEGS  tonir  r?'\ 
deeper  understanding  of  the  s«le’var?oble^  “ 


4.  PERSONNEL  SUPPORTED: 

Brian  DeFacio,  PI;  2  months  o  year  for  3  years. 

Sarah  John,  Visiting  Assistant  Professor;  half  time  for  3  years. 
Sonkar  aakratorty.  graduate  student,  no»  a  Ph.D.,2  months  a  yea 


Stefan  Gheorghiu,  graduate  student,  2  months  a  year  for  2  years. 
'granO  2’y®earf''  “  ^^'O-CAASERTS  companion 


Eric  Veum  undergraduate,  the  graduate 
6  months  a  year  for  one  year. 


student  C+  AASERTS  grant), 


Elijah  Flenner,  graduate  student  (also  has 
months  a  year  for  one  year. 


AASERTS  grant), 
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5. PUBLICATIONS; 

.  H.Kim,  G.Vignale,  and  B.DfiFacio.Dynafnir  pi <>1  pr-f-r*-! 

Bsiesaa  of^lMOstec.  Phys.Rev.'fXl^^^ffe)— 

SquMzed'stotec  ^  Nevel,  “Applications  of 

^MACA  f  J  1  Y.Shin.  and  M.A.Man*kov  eds 

CNA5A,  Greenbelt  MD,  1994),  ’  eas.,di9-351 

s.'Sf'ia"  «■“  “  “ 

4.  H.Kdiser,  K.Hamocher,  R.Kulasekere  W  -  T  io»  i  c  a-i, 
B.OeFacio,  P.Miceli.  and  DA-Worcart";  -Jeutr^n 
Optics  in  Layered  Materials”,  i„  Ii^^rse  ^icsTll  M 

I"d^Engr""Be^l•ingha™ 

A>.i  i!«,k'S4“St’S;uS2  2"" 

^  DielectrU^R«DOTse'^*'Th^°’  Ptequency-Dependent 

Physrca'^r2a:Txr4  Bio^olecular  Solutions.” 

WavelerSiinal'^n""”;  ^-P-N^l-'An  Application  of 
atlon.”  Re^QNDE  15^733-7^  aMOr*"  ^vnlu- 

Inverse  Neutro^Scatt^inrStSdy  of'^LayerS^tetallirNiC  Ti 
Composites,”  Rev.QNDE  16,39-46  (1^7) 
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- anOxoluti2n_Eougti2!ls^  A.Appl.Math.  47,155-211 

fcXtZ-."; 

8^-8gl  (1^),  Trnmniirrri,.  Rev.Pr^.ijNOE  17. 

Wavelet  Noise ’ROTwol'fne  -^^gniwti on-theoreti r , 

13.  f-Chakraborty  and  B.DeFocio,  flfictMietic  Wove.  ,•„  ,.p  o._ 

0.001  C,  FCC.  Z^rnmnnnAf^t  niel arfrTTcXZTrZr^ - :: - — 

for:otiL°^n;V^rp-i  r^^n,- 

. . . .  fa*-  n-nn  Cin 

“■  tiiaOMgatic  contrast 

yvav^  i-requenry.  ?-[)  Photnmr  R/jnd  Gnn  «;^-r..;:^:■ —  ....•  ^ ' 


6.  INTERACTIONS/TRANSITIONS: 

^“^*jfP"*^°'’/P'-®^«"tations  at  meetings.  Confer- 

^  P'’ogfara  Review  on  Computational  Electro- 

agnetism,  Brooks  AFB,  Jon. *95, *96, ’97. 

2. Invited  colloquium  and  seminar  speaker  at  the  Physics  Dept., 
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University  of  Cinncinati,  spring  ‘95. 


3. Presented  talks  on  Wavelet  Inv<ar«i«  /-  t 

Portugal, 1995.  summer  School,  Madeira, 

%srso^s  ---- 

7.1nvited  speaker,  Oberwolfach,  Germany  summer  of  1996. 

*'EKta1o“S,'S  "IS" “•  *“  '““"s- 

recs  Condensed  Matter  Seminar, 

I.,  Information  Theory  for  Wavelet  Inverse  Problems"  and 

Laser  Physics  Seminar  JelZ  I  f pS  m  "  » 

Sta.,TX,  1997  “  University,  College 
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Nom  of 

materials.  ’  zation,  photonic  band  gap 

2.Dr.  C.M.Fortunko,  National  Institute  of  Standard,  ard 
Technology,  Mdterials  R^iinhii'i4.s/  n*  •  • 

distributions  using  »Svelrtl  ^rbeing^studiS®  V’"’''" 

propagation":;^ 

ering.  inverse  problems  with  ultrasound  ^"3^"®- 

*■?:  Es;:  “rS;,S“ 


4.  TRANSITIONS: 

‘'r«"  “r.  van  Nevel  and  Mr. 

and  criticism  by  ttrerJe^^eer^'a^i^  answers  to  questonj 
measurements  by  Drs  Kvrf^uLfard^^u"f 

tziti 

r~r;— 

2, Van  Nevel  has  taken  some  ideas  which  he  ri  ^  ■ 

tatn“°2H?nTtaT  ^‘’h  «’L"'at  ^“Cl 

scientific 
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and  classify  texture 


in  tronsient  radar  signals. 


8, NEW  DISCOVERIES: 

.T:  '"T  ’•«  "'‘-Me 

quencies  and  a  better  model  for  i-h  microwave  fre- 

c«ppleted  Cfron.  o 

and  dissipation  in  photonic  band  aan  .i-r  dispersion 

were  shown  to  open  the  pseudoann  ^  ^  were  treated  and 

wove  frequency  region,  'wavelftlith)!?**'’  i"  the  micro¬ 
destructive  evaluation  of  hiah  for  non¬ 
scales  were  shovwi  to  carry  lara^in?o™^  “^etet 

and  the  mid-range  scales  j  1  3  4  s  foTni?"  coefficients 

data  populating  scales  i  =  0  i  ’  «  r  scattering  with 

tion  of  the  Kullback-Liebler  maximiza- 

effect.  We  hove  thus  reachL  ^ 

back-Liebler  information  ^ich 

John  gave  a  complete  d?sc!«sion  ortL“  r"®  •  D. 

orted ,  orthonormal  wavelets  'She  ch  *j  of  compactly  supp- 
for  the  p  >  2  instean; the  usual  I  "I '' 
pathological  multi  resolutions  It  s'fr  '•emoved  all  of  the 

SSUC2)  matrices  which  W^the  TL  .  i"  the 

die  arrays  of  Young’s  modulus  and/ni!'"**'^  — ''“'’i®*’-  Perio- 
studied  for  their  acoustic  rffcf  P6™}tivity  PEGS  have  been 
quency  spectra.  Lattice  disorder''°l'°®''f*'^j°"‘^  elastic  wave  fre- 
ssion  coefficients  have  been  studi  defects  and  transrai- 

tential  elastic  wave  filter  utiliziJ^n'rhe  *  P°- 

covered.  The  University  of  Missinii  forbidden  gaps  was  dis- 
patent  on  this  filter  '  considering  applying  for  a 
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Wavdet  inverse  methods  for  non-destrucdve  evaluation  trf  high  tedindogy  materials  using  transient  pulses  of 
ultrasoiiad  have  been  devdopcd  using  the  Kdlbadt-UeMer  infonnadon.  Ihis  sdecls  scales  with  small  energy 
wavdet  codlicicnts  whidx  have  large  infonnadon  content 
Wavdet  aliasing  by  all  compactly  \ 

muldresdudons  were  ruled  oat  by  dioosing  the  conect  gtoup  for  the  fUtetS,  SU(2). 

ThePBGS,i*oi<aucbaadgapslinctnre8.havebcensiiidiedforelectromagnetic^dasdcwaYes.  These 

periodic,  two-aanpoueat  dialtctria  have  been  studied  with  loss-tangent  (dissipation)  dispetdoiuand  latdcfrdisotder. 
Localized  defects  have  beo  studied.  An  dastic  wave  filler  and  a  opened  by  the  high  contrast  of  water  at 

imaowaveiteipicodes  were  found. 
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Signal  prooesing,  wavdets,  nOB-destruedve  evaluadon, 
inverse  proUeas,  photonic  band  gap  crystals. 
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